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Adverse health effects, induding cancer, have been positively associated with human exposures to power frequency (50 or 60 Hz) magnetic fields (MF) in numerous epidemiological studies. Childhood leukemia, brain cancer, breast cancer, and certain neurological and reproductive effects among residentially exposed children and among occupationally exposed adults were reported in some studies; other studies were negative for these effects (1, 2) . The possible scientific foundation for these effects is uncertain. Results of animal and cellular studies that investigated MFs for possible cancer-related activity were either contradictory or not replicated, as were results concerning effects on cell growth and differentiation and modulation of gene transcription and/or translation (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) .
In the experiments reported here, we tested the hypothesis that changes in gene expression occurring under MF exposure may result in neoplastic transformation. In vitro studies of neoplastic transformation are very relevant to the purposes of carcinogenic risk assessment (15) (16) (17) . They permit investigation of the mechanisms of cancer initiation, promotion, and progression without interference from other in vivo factors at the tissue and organ-system levels. Available in vitro assays are more practical and precise than are studies on exposed animals. Most importantly, in vitro neoplastic transformation correlates well with cancer induction in humans in the sense that few, if any, tested agents have yielded false positive results (1$) .
For the purposes of the current study, we used two well-characterized embryonic cell models, based on murine C3H/1OT1/2 cells or Syrian hamster embryo (SHE) cells (19) (20) (21) (22) , to examine the transforming potential of 60-Hz MFs. The C3H/10Ti/2 system is suitable for initiation-promotion protocols (16, 17, (23) (24) (25) (26) (27) (28) ; we previously described twostage protocol for investigating 12-atetradecanoylphorbol-13-acetate (TPA) promotion of 2.45-GHz microwave-and X rayinduced transformation (24) (25) (26) (27) . In addition to our long established experience with the C3H/10T1/2 assay, this assay has been chosen in particular because it is widely used and exhibits a low spontaneous background (19) and no sensitivity to heat (29) (30) (31) ; in the case ofother endpoints, such as enzymatic or gene activity or proliferation, thermal effects might confuse a possible MF effect. The SHE system is suitable for studying diverse agents (chemical, viral, hormonal, and physical irritants), including weak and epigenetic carcinogens (15) (16) (17) (18) (19) (20) (21) (22) . It should be noted that there are no analogous assays based on human cell lines. Our transformation studies were performed with long continuous exposures at 200 jiT (equal to 2 G), a field level in the typical upper range of power line and household exposure (11) . To our knowledge, only one other study of neoplastic transformation in vitro has been reported, and this mainly concerns the effects of intermittent coadministration ofTPA and MF on preinitiated C3H/1OTi/2 cells (8) .
Because our working hypothesis is based on changes in gene expression, we needed to address contradictory reports concerning the ability of MFs to increase levels of a number of gene transcripts (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) . Our second series of studies was designed to confirm with solid data whether MFs induce significant changes in transcription of seven genes. Studies of c-myc, cfos, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 1-actin, and two ribosomal genes were performed using HL60 cells (44, 45) , short exposure times, and several flux densities matching the exposure conditions of Goodman et al. (34) . Three replication experiments have recently been reported (12) (13) (14) , but they were more limited in terms of both the number of genes and MF conditions studied. Our ornithine decarboxylase (ODC) transcription studies using C3H/10T1/2 cells were performed at 200 jiT to elaborate the C3H/10T1/2 transformation results.
The c-myc, c-fos, GAPDH, 1-actin, ODC, and ribosomal genes play an important role in normal cell physiology, including metabolism, protein synthesis, growth, apoptosis, and differentiation. Aberrant activity of c-myc, c-fos, and ODC is associated with neoplastic transformation. For example, cell lines stably expressing transfected c-myc, c-fos, and ODC readily convert to a tumorigenic phenotype (46) (47) (48) (49) (50) . Another common characteristic of c-myc, cfos, and ODC is their ability to be induced by potent tumor promoters such as TPA Articles * Magnetic field effect on cell transformation and gene expression (51) (52) (53) (54) (55) (56) . Furthermore, both c-fos and cmyc have been implicated in the regulation of ODC transcription induced by TPA (56) (57) (58) (59) . In the context of cancer promotion by TPA, the induction of these genes is seen as an indicator of a global stress response that leads to genetic instability (60) (61) (62) . Based specifically on Goodman's data on gene transcription (32) (33) (34) (35) , it has recently been proposed that the deleterious effects of MFs are also connected with similar TPA-like indirect genotoxic effects and epigenetic changes (63) We used 1.5 Gy of X rays to elicit a positive transformation response in SHE or C3H/ 1 0T1/2 cells (16, 20, (24) (25) (26) (64) (65) (66) (67) (68) and as a negative control for c-fos expression in HL60 cells (55 (70) . TPA treatment and X irradiation of C3H/10Ti/2 cells were provided as previously described (24) (25) (26) assay (65); our quality control ofexperiments with C3H/1OTi/2 cells is also described in these reports. A single lot of serum [selected according to the criteria described previously (65, 69) ] was used in all the experiments reported here. Actively growing cells in passage 10 were used for experimentation. Each experiment included one 200-pT MF group and two control groups. Immediately following a 24-hr exposure to MF, cells were transported in a p-metal container to our X-ray exposure facility and one sham group was exposed to 1.5 Gy of X rays. Then, the groups were blinded using an alphanumeric code according to a computer-generated sequence of random numbers and cells plated into correspondingly coded 100-mm dishes containing culture medium with 0.1 pg TPA/ml or TPA solvent (acetone at 0.05%) for cell survival and transformation determination (24) (25) (26) . As in our previous experiments, the growth medium was renewed at weekly intervals (2 weeks for survival assay, 8 weeks for transformation assay) (24) (25) (26) 67, 69) . Cell survival and plating efficiency were determined by colony formation, while neoplastically transformed foci (Fig. 2) were identified according to published criteria (19, 65) . The endpoint of transformation per surviving cell was calculated by the null method (66) , with uncertainties determined according to our analysis (62) . SHE (pH 6.7) transformation assay.
Several aspects of the SHE transformation assay (16, 20) have recently been modified (21, 22) . This now-standardized assay was used in our present study. (21, 22) . The cultures were grown for 8 days without medium change. Other methods used were as in our present experiments with C3H/10Ti/2 described above. Morphologically normal and transformed colonies in Figure 3 were identified using published criteria (16, (20) (21) (22) . Transformation frequency is the number of positive colonies divided by the total number of colonies; uncertainty was calculated by assuming that transformants are Poissondistributed with the mean equal to the number ofpositive colonies (68) .
ODC expression in C3H/10TD12 cells.
To determine the levels of ODC mRNA, C3H/1OTi/2 cells at passage 10 Conditions for hybridization and washing of Northern blots were as described previously (72, 73) . After washing, membranes were exposed to X-Omat Kodak Scientific Imaging film (Eastman Kodak, Rochester, NY) at -700C for 2 hr (ribosomal genes) to 2 days. To remove hybridized probes for reprobing, membranes were washed in 0.5X Denhardt's solution (Quality Biologicals), 0.1% sodium dodecyl sulfate, 25 mM Tris, pH 7.5, at 90°C for 1 hr, followed by another 30-min wash at 85°C.
Hybridization probes. The ribosomal cDNA probes for the 5-kb 28S rRNA and 1.9-kb 18S rRNA were generated from total RNA using SuperScript RNase-H Reverse Transcriptase (Gibco BRL (12) (13) (14) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) .
To determine the amounts of hybrids formed between the transcript of interest and an appropriate probe, autoradiograms were analyzed by densitometry using a ScanJet 4C (Hewlett Packard) and the Intelligent Qualifier, version 2.1 (BioImage, Ann Arbor, MI).
The coded autoradiographic data for 18S rRNA, 28S rRNA, P-actin, GAPDH, and c-myc, exemplified in Figure 5 C-E, were analyzed as previously described (74, 75 Figure  7 , p is the one-sample s-test two-tailed probability that the group mean is zero.
The uncoded radiographic data for 18S rRNA, 28S rRNA, P-actin, GAPDH, and cmyc, as shown in Figure 6 , and the data for ODC (Fig. 8) Figure 5 . The box plots show the median, the upper and lower quartiles (the box), and the 10th and the 90th percentiles (the bars). p is the one-sample ttest two-tailed probability that the group mean is zero (p-values of less than 0.05 would customarily be required to reject this hypothesis).
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Ua-a (21, 22) . Determination of transformation frequency in this study involved morphological evaluation of nearly 20,000 colonies from nine experiments. Eight transformed colonies (Fig. 3) were found in the 1.5-Gy group and no transformed colonies were found in sham or MF groups. Transformation frequency at a moderately cytotoxic X-ray dose of 1.5 Gy was 2.86 x 10-3 per clonogenic cell (Table 1 ). This estimate is about five times the frequency reported previously for SHE cells grown in conventional media, pH 7.1-7.3, (20) ; no other X-ray data are available for comparison, but we note that enhanced carcinogeninduced morphological transformation and low spontaneous background were expected for SHE cells grown at pH 6.7 (21, 22) .
Neoplastic transformation of C3HI 1OT1/2 cell. Transformation frequency and survival of MF-exposed C3H/1OT1/2 cells with and without the promoter TPA, together with data for X irradiation, are shown in Table 2 . More than 500 dishes per group were accumulated to establish the effects of MF with or without TPA with some degree of statistical certainty.
Under the present experimental conditions, there were no significant differences in plating efficiency among MF-exposed and sham-exposed cells, as expected. Positive control results with X rays are in agreement with observations from related experiments using the C3H/1OT1/2 assay in this and other laboratories (23) (24) (25) (26) (65) (66) (67) (68) (69) . The effect of TPA on sham-exposed cells was not significant (sham-irradiated control Figure 4 ; this demonstrates that approximately equal numbers of cells were collected in each group.
Representative Northern blot analyses from our present studies of the expression of c-myc mRNA, GAPDH mRNA, and ,Bactin mRNA in coded samples are displayed in Figure 5 . In this example, Figure 5A shows equal amounts of ethidium bromidestained RNA samples separated on a denaturing formaldehyde-agarose gel. Figure 5B represents RNAs shown in Figure 5A after transfer on the nylon membrane. The membrane in Figure 5B was hybridized with two 32P-labeled DNA probes for human c-myc (exon 3) and GAPDH (Fig.  5C ) together and sequentially rehybridized with the DNA probe for f-actin (Fig. 5D ) and cDNA probe from reverse transcribed total RNA as described in Materials and Methods (Fig. 5E) .
The example of the data in Figure 5 was obtained in one day from a single experiment designed as a series of two runs, each containing three exposure durations of 10, 20, and 40 min. In the first run, the magnetic flux densities were 0, 5.7, and 570 pT. In the second, the magnetic flux densities were 0, 57, and 570 pT. Disagreement of our data in Figure 5 with the data reported by Goodman et al. (34) is apparent, even from a visual comparison of band densities for c-myc and P-actin in the same group: the optical densities of bands resulting from hybridization with c-myc do not track the optical densities of bands resulting from hybridization with ,-actin, contrary to observations reported for c-myc and ,-actin by these authors (34). aExperimental groups were defined as follows: 0, Sham-irradiated control; MF, 24-hr exposure to 60-Hz magnetic field at 0.2 mT; X, X irradiation at 1.5 Gy. After treatment, cells were plated in medium containing acetone or 0.1 pg 12-0-tetra-decanoylphorbol-13-accetate/ml in acetone (TPA). bPlating efficiency (PE) or surviving fraction (SF) ± standard error (SE) from pooling the results from six independent experiments on survival and transformation.
cTransformation frequency (TR) per surviving cell (48) ± SE derived from total number of dishes and total number of positive dishes (49) .
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Articles -Magnetic field effect on cell transformation and aene expression Z-score distributions of the coded image data for c-myc, 3-actin, GAPDH, and ribosomal genes pooled from several similar experiments (induding independent interlaboratory comparisons of Northern analysis of the RNA samples from the same experiment) are shown in Figure 7 . Analysis of the entire data set by ANOVA yielded p = 0.833 (F= 0.364; df= 4) for comparison among gene groups and p = 0.217 (F= 1.302; df= 53) for comparison within groups, confirming that the group means were equal (similarly large p-values were obtained for the data subsets for individual experiments). Box-whisker plots of Z-score distributions of individual groups are shown in Figure 7 . One sample t-test performed on the group data provided the following two-tail probabilities that the group mean is zero: c-myc group, p = 0.707; [B-actin group, p = 0.279; GAPDH group, p = 0.324; 18S rRNA, p = 0.984; and 28S rRNA, p = 0.662 (53 dfin each data subset). Taken together, these analyses show no statistically significant departures from random variability. Therefore, our data contradict previous conclusions for c-myc and [B-actin (32) (33) (34) .
Expression ofc-myc, [-actin, GAPDH, and ribosomalgenes in HL60 cels (uncoded data). The data-handling methods used in the original publications (34) as well as in the recent papers reporting the replication results (12) (13) (14) can only be used if the group identities are known. Figure 6 shows independent Northern blots of the RNA samples in Figure 4 after the group identities were revealed.
MF-group means of replicate ratios of optical densities of a band from an MFexposure group to the appropriate control group band, along with the coefficients of variation, are summarized in Table 3 . In terms of the coefficients of variation, the normalized autoradiographic data for the 18S ribosomal transcript and a metabolic transcript, GAPDH, were the least heterogeneous, perhaps justifying their use as reference genes, as reported in the recent MFrelated work (12, 14) . Normalized data sets for the c-myc, [-actin, and 28S rRNA gene transcripts were similar to each other but were more heterogeneous than the other two. Less than 20% of variations in the relative levels of 28S ribosomal gene, c-myc and [B-actin transcripts among nine MFgroups in Table 3 have no recognizable biological consequences (77) (78) (79) .
In terms of the band density ratios shown in Table 3 , the variation of five transcripts, 18S rRNA, 28S rRNA, c-myc, [B-actin, and GAPDH was not associated with MF exposure parameters and remained close to basal levels. Thus, the results from the present experiments offer no support for the previous findings that MFs affect transcription of c-myc and [Bactin (32) (33) (34) . Expression of c-fos in HL60 cells. In control treatments, TPA and hyperthermia significantly increased c-fos mRNA abundance above basal levels in control cells (Fig. 9) ; these results are consistent with the data for these agents in the literature (51-55). The negative result for X irradiation at 1.5 Gy was expected; the threshold X-ray dose for visualization of the c-fos transcript in HL60 cells is 5 Gy (55). The phenotypic consequences of expression of c-fos were observed in the course of the present study: hyperthermia induced apoptosis as demonstrated by the DNA fragmentation assay, and TPA treatments caused dramatic population-wide differentiation as evidenced by changes in HL60 cell morphology and adhesion of cells to a plastic substrate (data not shown).
The responses of HL60 cells to positive control treatments and two MF flux densities are shown in Figure 10 . In Figure lOB , bValues shown as mean and coefficient of variation (in parenthesis). cNumber of independent estimates of the effect of 60-Hz MF from three independent experiments at the field levels and exposure durations shown; in each of three experiments, one flux density group was replicated, providing a within-experiment variation in two groups of samples independently exposed to the same flux density (see text and Fig. 6 ).
we compared the c-fos hybridization signals in the RNA positive control samples with the c-fos hybridization signals in the RNA samples from sham-exposed and MFexposed HL60 cells. The high levels of responsiveness to TPA and hyperthermia were not observed with MFs. In fact, the cfos transcription was undetectable in the MF samples. These negative results for the c-fos mRNA induction by our MF exposures of HL60 cells were contrary to the reports by others (32, 33, 35, 38) .
Discussion
In designing these experiments, we were forced to limit our choices of MF exposure parameters, as mentioned in the Introduction. Overall, we used MF parameters shown by others to be critical in influencing biological responses. In the case of transformation experiments, we considered animal studies that suggest a tendency toward a dose response in terms of MF flux density and exposure duration (3) (4) (5) (6) (42, 43) , have indicated that a brief exposure to a magnetic field is enough to evoke the same level of effect as a prolonged exposure. In other studies, no differences in gene responses were observed in several extremely low frequencies (up to 100 Hz) and MF flux densities (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) . For our present work involving gene expression in HL60 cells, we selected nine 60-Hz MF exposure parameters tested by Goodman et al. (34) . t.~n 28 . c-fos Consequently, a many-fold increase of c-fos mRNA is required for c-fos transcript visualization after an inducing treatment. For instance, the most effective treatment in our experiments, heat shock (45.50C for 9 min) 1 hr posttreatment (Fig. 9) , represents an estimated 1000-fold increase in c-fos transcription (53 (38) , must in reality be considered undetectable. Even more puzzling is the finding by these authors that c-fos transcription was decreased by certain combined treatments with MFs (37,38) since basal levels are so low to begin with.
In summary, the negative data on neoplastic transformation and gene expression are inconsistent with the proposed hypothesis in the range of MF exposure parameters studied. Studies of neoplastic transformation in vitro deserve to be continued at various MF field/time combinations to determine whether MFs represent a real health risk. The significance of our negative results on gene expression is twofold. First, the findings presented in this paper complement the data already available for c-myc and f-actin (12) (13) (14) and extend these observations to all the MF exposures studied by the Goodman group (34 
